The gene for the green fluorescent protein (GFP) was fused in-frame to the 3′ end of HSP12. This construct was regulated by the HSP12 promoter in a pYES2 yeast expression vector. No fluorescence was observed in yeast growing exponentially in glucose-containing medium, but fluorescence was observed when the yeast entered the stationary phase. Fluorescence microscopy indicated that the fusion protein was localized to the peripheral regions of the cell as well as to the cytoplasm and the tonoplast. Subjecting the yeast to a variety of stresses known to induce HSP12 transcription, including salt, osmotic, ethanol, and heat stress, resulted in a time-dependent increase in GFP fluorescence. The use of this system as a method to assess the general stress status of yeast growing in an industrial application is proposed. (Journal of Biomolecular Screening 2005: 253-259) Journal of Biomolecular Screening 10(3); 2005 www.sbsonline.org 255 FIG. 2. The pYES2-HSP12-GFP2 construct. GFP2 was inserted into pYES2 in the EcoRI and XbaI restriction sites. HSP12 and its promoter were cloned in-frame upstream of GFP2 using BamHI and EcoRI sites. The construct was verified by DNA sequencing. Karreman and Lindsey 256 www.sbsonline.org Journal of Biomolecular Screening 10(3); 2005 FIG. 3. The HSP12-GFP2 fusion protein is localized to the cytoplasm, the cell wall, and the tonoplast of the yeast cell. Phase contrast microscopy (A) and corresponding epifluorescence microscopy (B-D). The large nonfluorescent region in the center of the cell (B) is the vacuole. In (C), the vacuole also fluoresces due to accumulation of fluorescent ade2 pathway intermediates. (D) is a deconvoluted cross section of a fluorescent yeast cell. The fusion protein is clearly visible throughout the cell but appears more concentrated at the cell periphery (arrow) and tonoplast than in the cytoplasm (c). Heterogeneities in the fluorescence of the cell wall/plasma membrane vicinity may be indicative of bud scars or vesicles. Karreman and Lindsey 258 www.sbsonline.org Journal of Biomolecular Screening 10(3); 2005 FIG. 6. The growth temperature (30°C) of exponentially growing yeast cells was changed to either 37°C (open squares) or to 4°C (solid triangles), and the fluorescence was determined at various times thereafter. Control (continued growth at 30°C): solid circles. The data shown are the means and standard deviations from 3 separate experiments. Error bars not visible are within the data points.
INTRODUCTION
T HE YEAST, SACCHAROMYCES CEREVISIAE, is an essential industrial organism used in the baking industry as well as for many fermentative and biotechnological applications. This yeast is often subjected to a variety of stressful conditions during these processes, which may adversely affect the final industrial product. As an example, during the brewing process, the yeast is subjected to stresses, including osmotic, temperature, and mechanical, as well as to increasing concentrations of ethanol as fermentation progresses. Currently, brewers assess the number of fermentatively active yeast cells by determining the viability of the cells using methylene blue exclusion. Because this method has been reported to both underrepresent and overrepresent the number of cells present, flow cytometric methods have been recently introduced to more accurately evaluate the number of viable cells present in a culture. 1 Because viability is not an indicator of fermentative capacity and because yeast is used reiteratively in the brewing process, the brewing industry requires a method to relate the stress status of the yeast to the fermentative capacity. This will allow industrial applications to be tailored to minimally stress the yeast while still allowing optimal output. Heat shock protein 12 (Hsp12p) is a small hydrophilic, late embryonic abundant (LEA)-like stress response protein that has been implicated in cell wall architecture and organization. 2, 3 The synthesis of Hsp12p is up-regulated by a wide variety of stresses, including high osmolarity, oxidative stress, heat shock, the presence of ethanol, nutrient limitation by growth on nonfermentable carbon sources, and agents affecting cell wall integrity. [4] [5] [6] [7] [8] [9] [10] Although the full details of the pathways by which these stresses up-regulate the synthesis of Hsp12p have yet to be determined, some information on the heat shock response (HSR) and the general stress response (GSR) is available. The HSR is mediated by the Hsf1p transcription factor. 11 This homotrimeric protein binds heat shock elements comprising 3 or more contiguous inverted repeats of the 5-base pair sequence nGAAn in the promoter region. [12] [13] [14] [15] The GSR pathway is regulated by a different set of transcriptional factors. The homologous factors, Msn2p and Msn4p, bind stress-responsive elements in the promoter, characterized by the core sequence CCCCT/AGGGG. 7, [16] [17] [18] [19] [20] The HSP12 promoter region contains 11 known stress-related response elements within 700 bp of the start of transcription ( Fig. 1) , thus emphasizing the importance of this gene in the stress response of S. cerevisiae. It is therefore not surprising that HSP12 expression was 1 marker used to analyze the stress resistance of commercial wine yeast strains. 21 Analysis of gene expression is widely used as a determinant of changes that oc-cur due to changes in, for example, growth conditions. Such analyses assume that the corresponding protein synthesis occurs, although it has been documented that this is not always the case. 22, 23 In addition, we have shown that yeast grown continually at an elevated temperature have decreased Hsp12p present, 4 despite evidence that HSP12 expression is up-regulated after heat shock. 5 We have therefore investigated whether a fluorescent Hsp12p might be a good indicator of yeast stress. Such a fluorescent protein would not only reassure the investigator that protein synthesis had indeed occurred, but determining the fluorescence of a yeast culture would be a far simpler, quicker, and cheaper methodology than either northern blotting or flow cytometry. We therefore constructed a fusion protein by fusing the GFP2 gene downstream and in-frame to that of HSP12 and using the HSP12 promoter to drive synthesis of this construct. This article reports that yeast containing this plasmid was not fluorescent when grown on media containing glucose but responded to a variety of stresses by exhibiting significant fluorescence, which could readily be quantitated.
MATERIALS AND METHODS

Yeast strains
All yeast strains were from the W303 genetic background (a/α, ade2-1/ade2-1, trp1-1/trp1-1, leu2-3/leu2-112, his3-11/his3-15, ura3/ura3, canr1-100/CAN) and were used in the haploid form.
Media and growth conditions
Yeast were grown in a 1% yeast extract, 2% peptone, 2% glucose (YEPD) liquid medium. For positive transformant selection, synthetic complete (SC) dropout media with uracil omitted were used. This contained 0.67% w/v yeast nitrogen base without amino acids (Difco, Sparks, MD), 0.077% w/v complete synthetic medium without uracil (CSM-URA, BIO-101, Vista, CA), and 2% w/ v glucose. All cultures were routinely grown at 30°C. Liquid cultures were agitated on a rotary shaker to maintain sufficient culture aeration.
pYES2-HSP12-GFP2 plasmid construction and genetic techniques
GFP2 24 was amplified from YCplac22-GFP2 (a gift from F. Bauer, Stellenbosch University, South Africa) with the flanking restriction sites, EcoRI (5′) and XbaI (3′), using the following oligonucleotide primers (restriction sites underlined): forward primer: 5′ACGAATTCATGAGTAAAGGAGAAG3′, and reverse primer: 5′CGTCTAGATTATTTGTATAGTTCATC3′. The PCR product was digested with EcoRI and XbaI, gel purified, and ligated into the plasmid shuffle vector pYES2 (Invitrogen, Carlsbad, CA) to produce the vector pYES2-GFP2. This plasmid was transformed into Escherichia coli DH5α competent cells using standard methods. After selection on Luria agar plates containing 0.1
FIG. 1.
The HSP12 promoter contains 11 known stress-related response elements between positions -700 and +1 bp. These are the stress-responsive elements (underlined), postdiauxic shift (PDS) elements (italicized and underlined), and heat shock elements (bold and underlined). Bold sequence represents the HSP12 coding region. mg/mL ampicillin, the presence of GFP2 in the construct was verified by PCR.
HSP12 and its promoter were amplified from yeast genomic DNA with XhoI (5′) and EcoRI (3′) flanking restriction sites. The following oligonucleotide primers were used: forward primer: 5′CACTCGAGGCAAATCCAAGTGAAAATCTC3′, and reverse primer: 5′CGGAATTCCTTCTTGGTTGGGTCTTC3′. The resulting fragment was digested with BamHI (the HSP12 promoter contains a naturally occurring BamHI site at position -606) and EcoRI, purified, and ligated into the pYES2-GFP2 construct to produce pYES2-HSP12-GFP2 ( Fig. 2 ). This plasmid was transformed into E. coli DH5α, and the fidelity of the construct was verified by PCR and sequencing.
W303 haploid yeast cells were transformed with pYES2-HSP12-GFP2 by electroporation. 25 Briefly, yeast cells were grown overnight, washed twice with ice-cold water, washed twice with ice-cold 1 M sorbitol, and then resuspended in the minimum volume of ice-cold 1 M sorbitol. Then, 1 µg pYES2-HSP12-GFP2 was added to 50-µL yeast cells and pulsed once for 5.1 ms on the SC2 setting using a Biorad Micropulser (Biorad, Hercules, CA). After the immediate addition of 500 µL ice-cold 1 M sorbitol, cells were plated on SC-URA medium containing 1 M sorbitol to select for transformants. Transformation was verified using PCR.
Fluorimetry and stress studies
Fluorescence and phase contract microscopy was performed using a Zeiss Axiovert 200-m microscope equipped with a 100×fold magnification oil immersion objective lens. Fluorescence data were obtained using 488-nm excitation and 515-to 565-nm emission filters and captured using an Axiocam camera equipped with Axiovision 3.1 software. One-micron optical sections were captured using the Z-stack module of the Axiovision software, and the images were deconvoluted using the 3-D deconvolution module.
Yeast transformants with the pYES2-HSP12-GFP2 plasmid were grown in YEPD at 30°C to early log phase (A 600 between 0.3 and 0.5). For stress studies, cells were subjected to various stresses by adding the stressing agent directly to the culture, after which samples were taken after various times. In the case of temperature shock, cells were shifted to 37°C for heat shock or 4°C for cold shock. In a typical assay, cells were pelleted from 500 µL of culture, snap-frozen in liquid nitrogen, and stored at -20°C. Frozen samples were resuspended in 1 mL 50 mM phosphate 150 mM NaCl (pH 7.4), and the fluorescence was measured using an Aminco SPF-500 fluorimeter (American Instrument Company, Silver Spring, MD) using an excitation wavelength of 450 nm and an emission wavelength of 507 nm. 12 The A 600 was determined using a Shimadzu UV-2201 spectrophotometer.
Protein samples for SDS-PAGE were prepared from 50-mL cultures by glass bead disruption and subsequent centrifugation. Ten A 600 units of cells were washed with 50 mM phosphate 150 mM NaCl (pH 7.4), suspended in a 200-µL SDS-PAGE sample application buffer, 26 and incubated at 90°C for 10 min. After the addition of 200 µL glass beads, the sample was vortexed vigorously for 2 min. A hole was then made in the bottom of the tube and the lysate collected into a fresh tube by centrifugation. The cell debris was pelleted by centrifugation as before and the supernatant retained for analysis by SDS-PAGE. 26 
RESULTS AND DISCUSSION
Yeast containing the pYES2-HSP12-GFP2 plasmid grew with a normal appearance and at the same rate as yeast without this plasmid. No green fluorescent protein (GFP) fluorescence was observed when exponentially growing yeast, grown in glucosecontaining medium, was examined using a fluorescence microscope. This agrees with previous studies that expression of the HSP12 gene is suppressed by even small quantities of glucose in the growth medium. 27 Continued growth into the stationary phase resulted in the yeast appearing fluorescent (Fig. 3A,B) . We have previously shown that Hsp12p is present in stationary-phase yeast cells. 4 All the yeast cells appeared to fluoresce to approximately the same extent, suggesting that the HSP12 gene was uniformly up-regulated under these conditions. The HSP12-GFP2 fusion protein product was localized throughout the yeast cell except in the dark region in the center of the cell, which we assumed to be a vacuole because an outline was visible under phase contrast microscopy (Fig. 3A) . Yeast ade2 mutant cells grown under adeninelimiting conditions are known to accumulate a pink pigment in this vacuole. 28 This pigment coincidentally fluoresces with similar excitation and emission maxima to Gfp2p, allowing the use of the same filter set on the fluorescence microscope. Examination of yeast cells containing the pYES2-HSP12-GFP2 plasmid grown under adenine-limiting conditions displayed fluorescence throughout the cell (Fig. 3C ). We interpreted this result that the dark region in the center of the yeast cell was indeed the central vacuole and that Hsp12-Gfp2p was present throughout the remainder of the cell.
We have previously shown that Hsp12p is present both in the cytoplasm, in close proximity to the plasma membrane, and also in the cell wall. 2 We wished to investigate whether Hsp12-Gfp2p had a similar location, especially because the molecular size of Gfp2p is more than twice that of Hsp12p. A series of images, focused on different focal planes of the yeast cell approximately 1 µm apart, was captured. These images were digitally deconvoluted, allowing the observation of the fluorescence in different planes of the yeast cell. Fluorescence was observed in the cytoplasm as well as at the cell periphery and at the tonoplast, with most fluorescence being observed at the cell periphery. A view where the microscope was focused on the middle of the yeast cell is shown (Fig. 3D ). This suggested that the localization of Hsp12-Gfp2p was the same as for the native protein.
Salt up-regulates HSP12 in a concentration-dependent manner
Yeast cells harboring the pYES2-HSP12-GFP2 plasmid displayed strong fluorescence when grown in the presence of NaCl.
Other authors have shown previously that the HSP12 gene is regulated in a cAMP-PKA-dependent manner and that salt triggers the high-osmolarity glycerol (HOG) pathway. 8 The HOG pathway is a mitogen-activated protein kinase (MAPK) pathway triggered by the presence of high concentrations of osmolytes in the medium. High osmolality is sensed by the plasma membrane-localized osmosensors, Sho1p and Sln1p, 29 which eventually activate Msn2p and Msn4p via Hog1p-triggering Hsp12p synthesis. 30, 31 We have previously shown that Hsp12p was up-regulated when yeast was grown in media containing 200 mM NaCl. 4 No Hsp12p was observed during log-phase growth, but Hsp12p was found to be present in the early stationary phase at approximately double the concentration compared with yeast grown in YEPD medium alone. 4 To investigate the relationship between salt stress and Hsp12-Gfp2p synthesis, yeast was grown to mid-log phase in YEPD medium, at which time various concentrations of salt were added. Cells were removed after 40, 60, and 80 min and the relative fluorescence determined (Fig. 4 ). Whereas no fluorescence was observed if salt was omitted from the growth medium, the presence of 200 mM salt resulted in noticeable fluorescence after 40 min. No change in the fluorescence was observed after 60 min of growth, and a decreased fluorescence was observed after 80 min of growth. When the NaCl concentration was increased to 400 mM, we found that the fluorescence observed after 40 min increased to approximately 150% of that observed with 200 mM salt. In addition, the fluorescence continued to increase, with the fluorescence observed after 60 min being approximately 30% greater than that observed after 40 min and approximately double that observed in the presence of 200 mM NaCl after 60 min. The fluorescence observed at 60 min was the maximum fluorescence observed, with a slight decrease found after 80 min of growth. In contrast, the presence of 800 mM salt resulted in a slight increased fluorescence only after 80 min of growth. Our interpretation of these data is that the presence of salt in the medium resulted in the production of Hsp12-Gfp2p despite the presence of glucose. The amount of Hsp12-Gfp2p synthesized reflected the stress that the yeast was subjected to, up to 400 mM salt. Our postulate is that the presence of 800 mM salt was such a severe stress that either the yeast transcriptional and translational machinery was inhibited or that the transcriptional and translational machinery was dedicated to systems involved in Na + efflux, such as the Ca 2+ /calmodulindependent phosphoprotein phosphatase (calcineurin) pathway. 32 We next investigated the actual level of synthesis of the Hsp12:Gfp2 fusion protein after exposure to salt stress. Yeast was grown in YEPD medium to mid-log phase, at which time NaCl was added to 400 mM. The yeast preparation was grown for a further 80 min, and the protein contents of the mid-log phase preparation and the salt-stressed preparation were analyzed by SDS-PAGE. We were unable to detect any difference in the protein content between these 2 samples, suggesting that no detectable Hsp12-Gfp2p synthesis occurred and that the protein was highly fluorescent (data not shown).
Osmotic shock and ethanol stress up-regulate HSP12
We have previously shown that the presence of 800 mM mannitol in the growth medium resulted in the up-regulation of Hsp12p during the early (and late) stationary phase. 4 Yeast containing the pYES2-HSP12-GFP2 plasmid was grown to mid-log phase, at which time 800 mM mannitol was added to the medium. This concentration was chosen as it resulted in the same increase in medium osmolality as the addition of 400 mM NaCl. Cells were removed at various times and the relative fluorescence determined (Fig. 5 ). We found that the timing of the response of these yeast cells to mannitol was very similar to that seen when the medium osmolality was increased by the addition of NaCl, with a peak after 65 min and a slight decrease thereafter. The magnitude of the response was slightly lower than that with NaCl, suggesting that NaCl triggered expression of HSP12 by mechanisms in addition to via the HOG pathway. We have also previously shown that the presence of 5% ethanol in the growth medium resulted in the upregulation of Hsp12p 6 and that Hsp12p protected the yeast cell against the deleterious effects of ethanol. To investigate the effect of ethanol on Hsp12p synthesis, yeast containing the pYES2-HSP12-GFP2 plasmid was grown to mid-log phase, at which time 7% ethanol was added to the medium. This concentration was chosen because this concentration was used by another study that investigated the global gene response of S. cerevisiae to ethanol. 33 We found that the kinetics of the response to ethanol was markedly different from those to NaCl and mannitol, with fluorescence only observed after a 50-min incubation; thereafter, the fluorescence continued to increase throughout the duration of the experiment. The mechanism of induction of Hsp12p by ethanol was clearly different from that by osmolytes. It has been shown that 1 effect of ethanol on yeast cells is that there is a change in the lipid composition, 9 and it has been postulated that the resultant change in membrane fluidity somehow triggers expression of HSP12 34 because heat shock, which also causes increased membrane fluidity, is a potent stimulant of HSP12 expression. 
Determining the Stress Status of Saccharomyces cerevisiae
Heat shock but not cold stress up-regulates Hsp12p synthesis
Although HSP12 expression has been shown to be up-regulated after heat shock, 5 we found that yeast grown continually at the elevated temperature of 37°C had a decreased Hsp12p content. 4 Yeast containing the pYES2-HSP12-GFP2 plasmid was grown to mid-log phase at 30°C before the growth temperature was changed to 37°C. We found that this heat shock resulted in a fluorescent response with a magnitude similar to that seen with 200 mM NaCl (Fig. 6 ). In contrast, changing the temperature to 4°C resulted in little fluorescence being observed ( Fig. 6 ), despite several reports that the HSP12 gene is up-regulated by cold stress. [35] [36] [37] We are currently investigating the molecular response of the HSP12 gene to various levels of cold stress.
Conclusion
The construct presented here, a fusion protein between the stress response protein Hsp12p and the fluorescent indicator protein Gfp2p, allowed us to quantitate the response of S. cerevisiae to a variety of different forms of stress typically encountered both in an industrial and a laboratory environment. It is envisaged that this fluorescent construct will be useful to allow processes to be adapted to result in the minimal stress to the yeast while allowing maximum output. We believe this will be of particular importance for processes that use the yeast preparation reiteratively.
